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Abstract 
High detection efficiency, good spatial resolution are both favorable properties in neutron detection of CPHS 
(Compact Pulsed Hadron Source) in Tsinghua University. Compact geometry (pore diameter of 13.5ȝm and pitch of 
16.25ȝm) of micro-channel plate (MCP) may be beneficial for excellent resolution realization. However, MCP glass 
is not intrinsically neutron sensitive so neutron absorption nuclides should be introduced artificially. In this paper, 
thermal neutron sensitive MCPs are realized with 10mole% natB2O3 doping and ~40nm thick natGd2O3 coating layer 
on the inner surface of MCP pores respectively. Doping directly changes the component of MCP glass and coating is 
realized with atomic layer deposition (ALD) technique. Collimation experiments conducted with thermal neutron 
beam provided by a light water reactor of China Institute of Atomic Energy (CIAE) confirmed the neutron sensitivity 
of these two MCPs. Thermal neutron sensitive MCPs are realized and show potential to be used in high detection 
efficiency and spatial resolution thermal neutron imaging. 
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1. Introduction 
Neutron detector with good spatial resolution (<100ȝm and even ~10ȝm) and high detection efficiency 
is necessary for neutron imaging. In CPHS (Compact Pulsed Hadron Source) we are trying to realize 
excellent neutron imaging performance with MCP detector. Micro-channel plate with compact geometry 
(pore diameter of 13.5ȝm and pitch of 16.25ȝm) can provide superb spatial resolution for photon or 
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electron imaging. But the common MCP is not intrinsically neutron sensitive, so neutron absorption 
nuclides should be introduced to MCP artificially at first. We present here two methods to achieve neutron 
sensitive MCP: one is directly change the component of MCP glass with natB2O3 doping and another is 
coating  natGd2O3 layer  on the inner surface of MCP channel as neutron convertor. The neutron 
absorption performance is tested with the thermal neutron beam provided by a light water reactor in China 
Institute of Atomic Energy (CIAE). 
2. Realization of neutron sensitive MCP 
2.1. Doping 
Only a few nuclides could be chosen as candidates for thermal neutron detection, such as 3He, 6Li, 10B, 
155,157Gd. All these nuclides show large absorption cross section and emit energetic charged particles. 
Unfortunately, conventional MCP has no enough neutron sensitive nuclide in MCP’s substrate. To 
change the common MCP to neutron sensitive MCP, the glass composition will be doped with neutron 
absorbing materials such as 10B and/or 155,157Gd, therefore all the advantages of spatial and temporal 
resolution in common MCP would be successfully applied to thermal neutron detection. Fraser and 
Pearson [1, 2] first suggested that the direct addition of boron into MCP structure could substantially 
enhance MCP’s neutron sensitivity. Feller, Downing and White [3] implemented this neutron sensitive 
MCP fabricated from a lead silicate glass composition doped with 10B and/or natGd, and experimentally 
confirmed its excellent neutron detection efficiency by using cold and thermal neutron beams at the NIST 
research reactor.  
MCP glass is an alkali lead silicate glass that basically consists of alkali metal oxide such as Na2O, 
K2O, Rb2O and Cs2O, alkali earth metal oxide such as BaO, CaO and MgO, reducible metal oxide such as 
PbO and Bi2O3, and glass network former that is mainly SiO2. Most MCP glass does not contain any 
neutron sensitive nuclide. Only few MCP glass contains small amount (less than 2mole %) of natural 
boron oxide. So introducing boron (or gadolinium) element into glass is necessary and its feasibility 
should be confirmed at first. Fortunately, [BO3] boron-oxygen triangle and [BO4] boron-oxygen 
tetrahedron both play the role of network former in the structure of a vitreous state, similar with [SiO4] 
silicon-oxygen tetrahedron, so B2O3 can be doped in glass composition as the alternative of SiO2 to form 
network with no concentration limitation. Nevertheless the doping concentration of B2O3 should be 
selected carefully considering that the substrate composition is critical for the ultimate behavior of MCP. 
Balance should be kept among the performance of electronic conductivity, secondary electron emission 
and chemical duration, especially viscosity temperature matching between core and cladding glass. 
The first MCP doped with 10 mole % of natB2O3 has already been fabricated. Considering the high cost 
of enriched 10B, we use natB2O3 in this stage. The MCP fabricated process typically starts with two glass 
component, an alkali metal lead silicate glass clad tube and an acid soluble glass core rod. Means of using 
glass multi-fiber draw (GMD) process, fused fiber optics technique, acid decoring method and hydrogen 
reduction treatment will be utilized in the following steps. The boron doped glass is used to make clad 
tube that will be the wall of MCP. In the GMD process, individual composite fibers that consist of an 
etchable core glass and a boron doped alkali lead silicate cladding glass are formed by drawing down of a 
rod-in-tube core cladding assembly. The starting material core/clad geometry defines the channel spacing 
and the wall thickness. These mono fibers are packed together in a hexagonal array, then redrawing into 
hexagonal multi-fiber bundles, and finally stacked together and fused within a metal model to form a 
boule. The boule is then sliced, typically at a bias angle of approximately 6°~13°. Individual slices are 
then polished, forming a thin plate. The soluble core glass is removed by a chemical etchant, resulting in 
an array of microscopic channels with channel densities of 105~107/cm2. With the further chemical 
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treatments of high temperature hydrogen reduction process, the lead ion can be reduced to free metal 
atom in the shallow surface of lead silicate glass to form a thin conductive film layer on the MCP’s pore 
surface. The resistive and emissive surface properties required for electron multiplication are also 
acquired in this process. Finally, two thin metal electrodes are deposited on top and bottom faces of the 
plate to electrically connect all the channels. 
2.2. Coating 
Unlike doping, coating does not change the recipe of MCP glass. As a popular technique in 
semiconductor industry, atomic layer deposition (ALD) is capable of plating uniform coating on the 
surface of channel with very large aspect ratio (2000:1 or more) and conforms the shape of substrate well 
[4]. Usually two (or three) precursors are needed to join in the reaction cycles within each of which an 
atomic layer is formed by chemical reaction on the surface of substrate. To implant neutron sensitive 
nuclides in MCP, precursor 1 containing gadolinium (we do not research boron yet) should be chemically 
active and react with precursor 2 immediately within the duration time of each cycle (~10 seconds/cycle). 
Here precursor 1 used is Gd(thd)3 and precursor 2 is ozone.  
Table 1 gives the parameters used in the coating of MCP with ALD technique. 31000 cycles are 
consumed to grow the ~100nm thick natGd2O3 on the inner surface of MCP pores. Fig.  1 gives the BSE 
(backscattering electron) image of MCP coating scanned by SEM. Fig.  2 gives the coating thickness of 
different position along pore axis. It can be seen that the average thickness of natGd2O3 is around 100nm 
but the uniformity is not so good. The thickness of coating on the top and bottom surface is about 200nm 
because the reaction rate there is higher than in pores. One possible explanation for the different reaction 
rate is that more precursors are concentrated on the top and bottom surface than in pores.  Another 
explanation is ozone may disintegrate under high temperature of 300°C in the reaction chamber before it 
enters pore depth. Both explanations need further verification by experimental research. 
Table 1. The parameters used in the coating of MCP with ALD technique 
Precursor 1: Gd(thd)3 Precursor 2: O3 
Pulse  
time 
Purge  
time 
Pulse  
pressure 
Pulse  
time 
Purge  
time 
Pulse  
pressure Concentration 
1s 3s 0.42torr 1s 3s 5.2torr 131ȝg/ml 
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Fig.  1 the backscattering electron image of MCP coating with SEM 
 
Fig.  2 the coating thickness of different position along pore axis. 
3. Evaluation of neutron sensitivity 
The neutron sensitivity of doping or coating MCP is investigated by experiments. With the neutron 
beam provided by a light water reactor in CIAE (China Institute of Atomic Energy), the rocking curves of 
two MCPs are measured. The neutron flux in the reactor core of LWR is 1011n/cm2/s. The neutron beam 
is collimated by the ĳ6mm holes of 5wt % natB doped polyethylene (5 in Fig.  3) of 6cm thick and two 
1mm cadmium foils (6 in Fig.  3). The distance of the two ĳ6mm holes in cadmium foils is 1800mm, so 
the L/D ratio of thermal neutron beam is 300 and the divergence of neutron incidence angle is less than 
0.2 degree. A 3He proportional counter is placed right behind the doping or coating MCP to count the 
number of penetrating thermal neutrons. The angle between the normal of MCP and neutron beam will be 
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modified and the relationship of neutron count rate versus this angle gives the rocking curve. Fig.  3 
shows the detailed configuration of experiments. 
 
Fig.  3 system overview of MCP rocking curve measurement 
Fig.  4 gives the rocking curve of a doping MCP (bias angle is 0 degree) when it is rotated. The 
rocking curve is fitted with a formula shown in Fig.  4 with three parameters: a, ĳc and k. The value of k 
is related with the doping concentration of MCP. Fig.  5 gives the comparison of k value between 
experimental rocking curve and simulation rocking curves of varied doping concentration. It can be seen 
from Fig.  5 that the experimental k value of -0.052 indicates the doping concentration is about 12mole % 
that is close to the 10mole % recipe. 
 
Fig.  4 rocking curve of doping MCP 
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Fig.  5 the doping concentration of natB2O3 is determined by the comparison of k value extracted from rocking curves of simulation 
and experimental result. 
 
Fig.  6 gives the rocking surface (not curve) of coating MCP. Unlike the 1-D rotation measurement of 
doping MCP, coating MCP is 2-D rotated. It is very clear that there is a peak when rotation angle in X 
and Y direction is near 0 degree (the plane of X and Y is perpendicular with the direction of neutron beam, 
so șX and șY close to 0 degree means the normal of MCP is parallel with neutron beam). The peak of 
neutron count is formed when the normal of coating MCP (bias angle is 0 degree) is parallel with neutron 
beam (șX=0, șY=0). The neutron count decreases whenever șX or șY deviates from 0 degree. Fig.  7 gives 
the rocking curves derived from Fig.  6 when șX=0 and șY=0 and the simulation rocking curves of 30nm 
and 40nm thickness of natGd2O3. The experimental curves are located between the two simulation curves 
and close to 40nm curve. It is a little strange that the coating thickness of natGd2O3 estimated from Fig.  7 
is smaller than the thickness measured from SEM inspection in Fig.  1. This contradiction is further 
studied by elements concentration analysis with EDS (Energy Dispersive Spectrometer) with result 
shown in Table 2. The atom number ratio of natGd : O is not 2:3 but is 2:9.7 that is  3 times larger than it 
should be. We have no exact idea to explain this. One possible reason might be that some ozone is not 
purged out and perhaps resides in the coating with natGd2O3 together. If this is true, considering the bond 
length of ozone and natGd2O3 are 1.28Å [5] and 2.39Å [6] respectively, with the natGd2O3 and ozone 
molecular number ratio of 1: 2.23 ( derived as (9.7-3)/3 ), the effective thickness of natGd2O3 is estimated 
as  45.5nm ( derived as 100nm/(2.23*1.28Å +2.39Å)*2.39Å ) that is close to the result from Fig.  7. 
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Fig.  6 rocking surface of coating MCP 
 
Fig.  7 experiment and simulation rocking curve of coating MCP  
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Table 2.  EDS analysis of elements concentration in the coating of MCP 
Element of Coating EDS Result˄%˅ 
Gd 17.1 
O 82.9 
 
4. Conclusion 
We manufactured 2 neutron sensitive MCPs with doping and coating respectively. The neutron 
sensitivity of 10mole % doping MCP is analyzed with reactor neutron beam and the experimental result is 
12mole % natB2O3 doping. If the thickness of MCP would be 1.2mm, the detection efficiency will be 
7.7%@25.3meV. The ALD technique is used to implement the coating of natGd2O3 on the inner surface of  
MCP pores. The coating process is successful and the thickness is about 100nm though its effective 
thickness is around 40nm. The reason of less effective thickness is not clear yet. 
Both MCPs show neutron sensitivity. It is promising to construct thermal neutron imaging detector 
with these two kinds of MCP. 
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